We assessed the effect of graded increases in exercised-induced energy expenditure (EE) on appetite, daily energy intake (EI), total daily EE and body weight in six lean women using a within-subject, repeated measures design. METHOD: Subjects were each studied three times during 7 day treatments, corresponding to no-exercise (control; Nex; 0 MJ=day), medium exercise level (Mex; $ 1.9 MJ=day) and high exercise level (Hex; $ 3.4 MJ=day), with 2 day maintenance beforehand. Subjects self-weighed ad libitum food intake. EE was assessed by continual heart rate monitoring. During waking hours subjects recorded hourly sensations of hunger and appetite. RESULTS: EE amounted to 9.2, 11.0 and 12.1 MJ=day (F (2, 10) ¼ 5.67; P ¼ 0.023 (s.e.d. ¼ 0.87)) on the Nex, Mex and Hex treatments, respectively. The corresponding values for EI were 8.9, 9.2 and 10.0 MJ=day (F (2, 10) ¼ 4.80; P ¼ 0.035 (s.e.d. ¼ 0.36)). There were very weak treatment effects on hunger. Weight loss was significantly different from zero on the Mex and Hex treatments. CONCLUSION: Markedly increasing EE through exercise produced significant but partial compensations in EI ( $ 33% of EE due to exercise). Accurate adjustments of El to acute increases in EE are likely to take weeks rather than days.
Introduction, materials and methods
Sedentary lifestyles are believed important in predisposing people to obesity and increased physical activity is often recommended as a strategy for controlling energy balance (EB). 1 Few studies have quantified the exact relationship between energy intake (EI), expenditure (EE) and EB in ad libitum feeding subjects undergoing various exercise interventions. 2 Of those that have, methodologies have varied considerably (see King et al, 2 for a review). To understand the relationship between changing EE through physical activity and patterns of food intake with reference to the general population it is important to inter-relate a number of studies, using similar methodologies. This study has been designed as one of a series, using methodologies which allow crosscomparison between these and previous work. 3 -9 This particular study was designed to continually monitor over 7 days EI, EE (both total and exercise-induced) and motivation to eat in the same women exposed to no (Nex), moderate (Mex) or high levels of exercise (Hex)-induced EE.
Six women, mean (s.e.m.) age 23.0 (0.6) y; weight 58.4 (3.3) kg; height 1.65 (0.02) m; body mass index (BMI) 21.4 (1.0) kg=m 2 ; resting metabolic rate (RMR) 5.66 (0.17) MJ=day; extrapolated VO 2max 33.41 (2.49) ml=min=kg were recruited by advertisement. During the 2 days prior to the beginning of the study they underwent a medical examination and were trained in the study procedures.
Height and RMR were recorded as described previously. Subjects' restraint (DEBQ
11
) ranged between 1.1 and 3.3 with a mean of 2.3 (s.e.m. ¼ 0.3). The study was approved by the Joint Grampian Health Board and University of Aberdeen Ethical Committee.
Subjects were each studied three times in a 9 day protocol, corresponding to: sedentary routine, ie no additional exercise (control; Nex; 0 MJ=day; moderate exercise, ie two 40 min exercise sessions per day (Mex; 21.4 kJ=kg=day); high levels of exercise, ie three 40 min exercise sessions per day (Hex; 42.8 kJ=kg=day). The order of treatments was randomised and each was separated by at least one week.
On days 1 -2 of each treatment period, subjects consumed a controlled maintenance diet. Throughout the subsequent 7 days subjects had ad libitum access to their normal daily diet. They weighed all food items and fluids on PETRA (portable electronic tape recording automated) scales 12 and recorded their food intake and the time of eating in food diaries.
On the Mex and Hex treatments subjects exercised throughout days 3 -9 inclusive, at the prescribed intensity and duration using a bicycle ergometer (Tunturi E850, Tunturi, Finland) in the exercise suite of the Human Nutrition Unit. During the study EE was assessed by continuously monitoring heart rate (HR, Polar sports tester, Polar Electro, Finland), using the FLEX method. 13 Subjects wore the heart rate monitor (HRM) during waking hours over the whole 9 days of each study period.
Body weight was recorded each morning before eating and after voiding. Subjects wore the same clothing when being weighed.
Energy and nutrient intakes were calculated using the Diet 5 programme (Robert Gordon University, Aberdeen) which is based on current UK food tables.
14 Changes in subjective appetite, hunger and satiety and other aspects of mood were assessed hourly, during waking hours throughout days 1 -9, using visual analogue scales (VAS) on a palm-top computer as previously described. 15 Subjects also completed an End of Day Questionnaire, which assessed retrospectively perceptions of mood, alertness, liveliness, hunger, thirst and preoccupation with thoughts of food throughout the day.
Energy and nutrient intakes and EE were analysed by analysis of variance with treatment and day as factors and subject and run as blocking factors. A square-root transformation was applied to the VAS for subjective ratings, in order to satisfy assumptions of normality, and then the data were analysed by analysis of variance with subject, run, day and time as blocking factors and exercise, day and time as treatment factors. Similarly, to satisfy assumptions of normality, a logarithmic transformation was applied to data from end-of-day questionnaires and the data were then analysed by analysis of variance with subject, run and day as blocking factors and exercise and day as treatment factors.
Changes in body weight from day 1 to day 10 were analysed by analysis of variance to test for treatment effects. For each treatment, t-tests were used to test for significant difference from zero in body weight change over each manipulation period.
Where appropriate, simple linear regressions were conducted to examine temporal trends across the 7 days of each treatment. All analysis was performed using the Genstat 5 statistical program (Genstat 5 Rothamsted Experimental Station, Harpenden, UK).
Results
The actual energy cost of exercise amounted to 0, 1.9 and 3.4 MJ=day respectively (Table 1) . This led to significant elevations in total daily EE on going from the Nex, Mex and Hex treatments. Subjects expended on average (s.e.m.) 1.63, (0.06), 1.95, (0.09) and 2.14 (0.06) times RMR, respectively. After subtracting the energy cost of exercise, total daily non-exercise EE amounted to 9.2, 9.0 and 8.7 MJ=day on the Nex, Mex and Hex treatments, respectively. These women did not compensate for the increased energy cost of exercise by resting more at other times in the day. Regression analysis showed that, on average, daily EE decreased by 70.3 MJ on the Hex (t ¼ 72.6; P ¼ 0.046) and Mex (t ¼ 73.3; P ¼ 0.022) treatments, but not the Nex treatment.
Subjects consumed (mean (s.e.m.)) 1.58 (0.05), 1.64 (0.05) and 1.78 (0.07) times RMR on the Nex, Mex and Hex treatments, respectively. There was no significant difference in daily intakes of protein between the treatments; the difference in EI was due to elevations of fat and carbohydrate intake (Table 1) .
EB, estimated from EI minus EE, became more negative and significantly different from zero on the Mex and Hex treatments. Using a value of 26.2 MJ=kg for the energy cost of weight loss 16 gave estimates of energy imbalance amounting to 71.3, 71.8 and 72.9 MJ=day. These estimates are within AE 1 MJ=day of the estimates of EB from EI minus EE data, albeit systematically more negative.
There were no significant treatment or day effects for hourly-rated hunger, fullness, prospective consumption, thirst, preoccupation with thoughts of food, tiredness, tension or contentment. However the effect for contentment almost reached significance. Subjects were more content on the Mex treatment than on the other two treatments. When considering the end of day questionnaire there was a significant effect for hunger, thirst, depression, contentedness and tiredness (Table 2) . Graded levels of exercise RJ Stubbs et al
Discussion and conclusions
This particular study simultaneously examined in detail over the course of 7 days, motivation to eat and mood, EI, EE (both due to exercise and total daily EE) and indices of EB. Few studies have examined the effect of exercise on EI over this time period and of those that have, none have incorporated all of the measures used here. In the present study six lean young women underwent 0, 1.9 and 3.4 MJ=day of aerobic exercise. This significantly elevated daily EE from 1.63 to 1.95 and 2.14ÂRMR. Deducting the energy expended in prescribed exercise from total daily EE suggested that subjects did not on average decrease non-exercise EE as the level and intensity of exercise increased. However, regression of total daily EE over the course of each treatment period showed average daily EE decreased by 0.3 MJ=day on the Mex and Hex treatments, indicating that subjects were also showing compensatory adjustments in EE as each intervention progressed. This may have been due to fatigue since in longer-term protocols, leisure time EE does not decrease.
EI rose from 1.58 to 1.64 and 1.78ÂRMR which were only significantly different between the Nex and Hex treatments, indicating only partial $ 30% compensation of EI for exercise-induced increases in EE. It may be that the significant tendency to compensate in these women may be due to a loss of restraint since subjects knew they had expended so much energy. Nonetheless the significant but small increase in hunger (only detected using the End of Day Questionnaire) across treatments is consistent with a weak elevation in EI. While EI began to track EE as EE rose, this had no effect on protein intake during the study. Subjective hunger and appetite did not change greatly across treatments. Differences between sedentary and exercise treatments approached significance for hourly questionnaires and were significant for the end of day questionnaire. This again suggests a mild increase in the motivation to eat. Subjects lost weight as the EE due to exercise increased.
The majority of studies examining the effect of exercise on EI show poor compensation in the short to medium term. 2 -9 The results of this present study add to these findings by showing that that large increases in EE due to exercise have modest but significant effects on motivation to eat and EI in lean women over the course of 7 days. This suggests that coupling of EI to systematic graded elevations in exercise-induced EE would take a number of weeks to achieve equilibrium. Alternatively, a relaxation of cognitive restraint among lean women may explain the partial compensation.
